The activity of proteins and their complexes often involves the conversion of chemical energy (stored or supplied) into mechanical work through conformational changes. Mechanical forces are also crucial for the regulation of the structure and function of cells and tissues. Thus, the shape of eukaryotic cells (and by extension, that of the multicellular organisms they form) is the result of cycles of mechanosensing, mechanotransduction, and mechanoresponse. Recently developed single-molecule atomic force microscopy techniques can be used to manipulate single molecules, both in real time and under physiological conditions, and are ideally suited to directly quantify the forces involved in both intra-and intermolecular protein interactions. In combination with molecular biology and computer simulations, these techniques have been applied to characterize the unfolding and refolding reactions in a variety of proteins. Single-molecule mechanical techniques are providing fundamental information on the structure and function of proteins and are becoming an indispensable tool to understand how these molecules fold and work.
Mechanical Force as a New Biochemical Parameter
Modern biochemistry tends to regard the cell as a factory crowded with specialized molecular "nanomachines," mainly proteins acting as single polypeptides or complexes (1) . Bionanomachines that use mechanical forces are located throughout the cell (from the cell nucleus to the extracellular matrix) and are involved in processes as diverse as replication, transcription, translation, protein folding, protein and nucleic acid unfolding, protein degradation, nucleic acid and protein translocation, organelle transport, muscle elasticity, cell adhesion, membrane fusion, and cell crawling (2, 3) . The molecular mechanisms by which mechanical forces influence the structure and function of molecules, cells, and tissues have been elusive because of the lack of appropriate tools. With the recent advent of single-molecule manipulation techniques such as AFM, 3 we can now investigate these new biochemical pathways by directly probing bond dynamics in real time and under physiological conditions. These new techniques allow the use of mechanical force as an additional parameter in a biochemical reaction (Fig. 1) , which can dramatically affect its rates in both directions.
Single-molecule Force Spectroscopy of Proteins: Principle and Modes
The AFM was originally developed as a high resolution imaging tool (4) before it began to be used to probe and manipulate atoms and molecules. The so-called "force spectroscopy" or "force-measuring" configuration was designed to record force-extension curves obtained by pulling in a single direction (z axis). Single molecules can be readily analyzed in this way, known as "single-molecule force spectroscopy" (SMFS). In proteins, this technique has been used to characterize the mechanical resistance of both individual polypeptides (intramolecular interactions) and protein-biomolecule bonds (intermolecular interactions) (5) .
For these SMFS studies, individual protein molecules or supramolecular protein complexes are first immobilized between the substrate (a glass coverslip) and the force sensor (Fig. 1A) . Proteins analyzed are typically made of multiple repeats (or pseudo-repeats) of domains: either naturally occurring modular proteins (e.g. titin, fibronectin, tenascin, spectrin, ankyrin) or engineered polyproteins (6) . The periodicity of these proteins provides an unequivocal fingerprint to identify single molecules. As in a lilliputian medieval rack, the protein is then unfolded by moving apart the AFM positioner, which is mechanically coupled to the substrate. This imposes a specific reaction coordinate (i.e. the end-to-end distance) on the unfolding process. By retracting the AFM positioner, the protein can also be refolded in the presence or in absence of mechanical force. These experiments are typically done under non-equilibrium conditions, and two basic AFM modes are currently used depending on the variable being controlled: the more common length clamp, which yields a force-extension curve, and the force clamp, which yields an extension-time curve.
SMFS allows the direct measurement of the mechanical stability of the barriers that a protein offers to its stretching as well as their location. It can measure forces of tens of piconewtons and changes in length with nanometer resolution. Also on the basis of conventional transition state theory, we can estimate the kinetic parameters of the process of forced unfolding/refolding (7, 8 ). An applied mechanical force tilts the energy diagram of the process, decreasing the barrier to the transition state and increasing the rate of the forward reaction (Fig. 1B) .
We can calculate the probability density for unfolding, which predicts the most likely force of unfolding (mechanical stability) in terms of the spontaneous unfolding rate constant as fol-lows (3, 7, 8) :
Using an analytical solution of this type, it is possible to calculate the kinetic parameters for the process: k u 0 (spontaneous rate of unfolding) and ⌬x u (width of the activation energy barrier: distance on the reaction coordinate over which the force must be applied to reach the transition state). This equation predicts that the mechanical stability of a protein (F) depends on the unfolding distance (⌬x u ), the height of the barrier (⌬G u ‡ , which depends on k u 0 ), thermal energy, and the loading rate used during extension of the protein (r ϭ dF/dt ϭ k⅐v, where v is the pulling speed). Also, by relaxing the tethered polyprotein before it breaks and waiting appropriate periods of time, we can also perform refolding experiments (in the presence of force or in its virtual absence) and extract the equivalent parameters of the folding process. Finally, SMFS has recently been used to gather detailed structural information on proteins through a method called "mechanical triangulation" (9) and to probe dynamic rearrangements within the active site of an enzyme with unprecedented resolution (10).
Complementary Techniques: Simulations and Protein Engineering
Typical SMFS experiments can measure the forces required for the mechanical unfolding of protein molecules and can resolve the changes in length with single amino acid resolution (6, 11) . However, the basic technique does not typically provide detailed structural information. To this end, computer simulations based on molecular dynamics have proven to be very important for the atomic analysis of this process, as the synergy between experiment and simulation has proven very powerful (12) .
One problem in SMFS is that force peaks can originate from a variety of sources other than the unfolding of single protein domains such as the detachment of other molecules from any of the two anchoring points, protein-protein interactions, and disentanglement of molecules or from multiple molecules in parallel. This important drawback was overcome by using modular proteins (13, 14) or recombinant polyproteins (6, 15) , in which their periodicity has been successfully used to unambiguously follow the unfolding and refolding pathways of single proteins.
Proteins Studied
"Mechanical proteins" (i.e. proteins with a mechanical function) generate, transmit, or use mechanical forces to carry out their functions and fall into two main subclasses: proteins that generate mechanical forces (biomolecular motors, probed mainly by optical tweezers) and proteins that are subjected to the mechanical forces generated by biomolecular motors or from the environment (e.g. cytoskeletal and cell adhesion proteins, probed mainly by AFM). To analyze the underlying molecular mechanisms involved, "protein nanomechanics" analyzes their mechanics at the single-molecule level by studying the forces, distances, motions, energies, and deformations involved in individual proteins or protein complexes, typically in the submicrometer and subnanonewton ranges. Mechanical forces have also been used to probe the mechanical strength of "non-mechanical proteins" (i.e. those with no mechanical function known). Some of the protein structures analyzed so far include 1) "all-␤" structures of the ␤-sandwich type, including "Ig-like" domains (e.g. from titin, fibronectin, filamin) (6, 14, 16 -21) , and the ␤-barrel type (green fluorescent protein) (22, 23) ; 2) "␣ ϩ ␤" proteins (e.g. T4 lysozyme, barnase, ubiquitin, Top7) (24 -32); 3) "all-␣" structures (e.g. spectrin) (33) (34) (35) ; and 4) several unstructured proteins (e.g. elastin, titin PEVK and N2B) (36 -39) . In addition to single polypeptides, a few protein complexes have also been studied (27, 40 -42) .
Molecular Determinants of Mechanical Stability in Proteins
The number of proteins analyzed so far by SMFS is still relatively small (ϳ55 Protein Data Bank structures), and they have been analyzed with a different degree of detail. Although the molecular basis underlying the mechanical resistance of proteins is still unclear, several determinants have been identified through these studies: amino acid sequence, mechanical topology, unloaded unfolding rate constant, and pulling geometry. Some tendencies are already emerging.
(a) Proteins have widely different mechanical stability when pulled in the N 3 C direction, ranging from below the limit of resolution of the AFM (typically ϳ10 pN; e.g. calmodulin) to ϳ330 pN (e.g. titin Ig domains). Interestingly, mechanical proteins that must resist force tend to be more mechanically stable than both non-mechanical and elastomeric proteins. (b) Unstructured and ␤-spiral proteins (e.g. elastin) are among the less mechanically stable proteins. (c) ␣-Helical proteins (e.g. calmodulin, T4 lysozyme) have a relatively low mechanical stability, although ␣-helical bundles (e.g. spectrin (33) (34) (35) , myosin II tail (40) ) and solenoids (e.g. ankyrin B (24)) are more stable. (d) ␤-Stranded proteins tend to unfold at higher forces than ␣-helical ones. (e) The mechanical stability of most mechanical proteins tends to be determined by a mechanical clamp usually formed by a patch of highly localized mechanical hydrogen bonds (43) . However, in some cases, the hydrophobic core contributes also to mechanical resistance (44) . In addition to secondary structure-based elasticity, there is tertiary (e.g. ankyrin B solenoid (24) ) and quaternary (e.g. myosin II tail (40) , adhesive pili (41)) structure elasticity. (f) The mechanical stability and mechanical unfolding pathways depend also on the pulling geometry, which is affected by both the topology at the breakpoint and the point of application of the force. Hence, ␤-stranded proteins with a shear mechanical topology at the breakpoint (where the force vector is orthogonal to the hydrogen bonds) are more mechanically stable than zipper ␤-stranded proteins (where the force vector is parallel to the hydrogen bonds). The points of application of the force to a protein are also relevant, as they can substantially alter its mechanical stability (21, 28) , implying that proteins have "Achilles' heels." (g) The mechanical stability is a kinetic property that, in general, is not correlated with thermodynamic stability (⌬G) or melting temperature (T m ϭ ⌬G/⌬S) (45) . (h) The mechanical stability can be modulated by ligand binding (27, 46, 47) and disulfide bond formation (10, 48 -51) .
The molecular structure of a protein poses constraints on the location of the transition state in the mechanical unfolding pathway. Tertiary interactions are thought to have shorter distances to their transition states than secondary structures, and they tend to be more brittle (i.e. breaking at high forces and after small deformations) than secondary interactions, which are more compliant (breaking at low forces and after large deformations). Furthermore, tertiary interactions may require more time to equilibrate than secondary ones, and therefore, they often present hysteresis in the pulling-relaxation cycle (3) . Most proteins show a high degree of connectivity, and as a result, their unfolding seems to be highly cooperative. Because of the local action of the applied force, their mechanical stability tends to be related to localized molecular structures near the mechanical "breakpoint" rather than to the global structure (3, 43) . A massive survey using simplified simulation methods was recently conducted in proteins for which there is atomic structure to identify these mechanical clamps and to classify the available protein structures based on their mechanical stability (52) .
Mechanical Dissection of a Model System: Titin I27 Module
The model system most commonly used to study mechanical unfolding/refolding in proteins is the I27 module from titin. Titin is a gigantic multimodular protein responsible for the passive elasticity of muscle (53) . The I27 module is an 89-amino acid long Ig-like ␤-sandwich fold (Fig. 2) . Molecular dynamics simulations of its stretching identified two patches of backbone hydrogen bonds as barriers with different mechanical resistance: a low force barrier involving two hydrogen bonds between ␤-strands A and B and a high force barrier involving six hydrogen bonds between ␤-strands AЈ and G (43) . Hydrogen bonds in both barriers are perpendicular to the direction of the force vector (a "shear" mechanical topology: bonds are arranged "in parallel"), whereas the remaining hydrogen bonds in the structure are parallel to the force vector (a "zipper" mechanical topology: bonds are arranged in series) and, like the hydrophobic core, seem to offer low resistance to extension (Fig. 2) .
These predictions were consistent with experimental data obtained from SMFS experiments: an intermediate found at low force (ϳ100 pN, at 0.6 nm/ms) was associated with the rupture of the AB patch, whereas a high force peak (ϳ200 pN, at 0.6 nm/ms) was found to depend exclusively on the AЈG patch and the associated side chain-packing interactions between strands AЈ and G (17) . The hypothetical role of the AB and AЈG patches was tested by loop insertion (11) and proline mutagenesis (54); these mutants also provided the first mechanical phenotypes.
Muscle Elasticity Explained at the Single-molecule Level
A remarkable feat achieved through SMFS has been the reconstruction of the passive elasticity of intact myofibrils by simply scaling up from the mechanical properties of single titin molecules (supplemental Fig. S1 ) (55) . The mechanics of single titin proteins was reconstructed in turn from the mechanical properties of representative elements of its elastic region (i.e. N2, PEVK, and the proximal and distal Ig regions), showing that titin behaves very differently from a simple Hookean spring. Instead, in response to axial tension, titin behaves as a multistage spring that adjusts both its length and apparent stiffness by virtue of its particular modular design. At low forces, the entropic springs (i.e. N2, PEVK, and Ig straightening) dominate, whereas at a high force (i.e. under non-physiological conditions), the enthalpic springs (partial and total unfolding of a few Ig domains) would act as "shock absorbers" to prevent damage of the sarcomere.
Mechanical proteins tend to be modular, with their modules frequently having distinct mechanical stabilities. The shock absorber effect found in titin Ig domains is also present in other modular proteins such as the cell adhesion protein tenascin, in which it was proposed to extend the range and life time of cell-cell interactions (14) .
How Well Do SMFS Experiments Mimic in Vivo Protein Mechanics?
In the case of extension machines like the sarcomere, SMFS seems to adequately mimic the natural linear pulling geometry because proteins are pulled apart from both ends of the polypeptide chain. This may also be the case for other cytoskeletal machineries, the adhesion machinery, some mechanosensitive ion channels, and some chaperonins, which may also pull apart their protein substrates in a similar way prior to their refolding (56) . Protein translocases (from the mitochondrion, chloroplast, and endoplasmic reticulum) and compartmental proteases such as the proteasome are also thought to work mechanically. Nevertheless, the evidence here favors a different geometry involving a single attachment point from which the pulling would be done by threading the protein toward the entrance of a narrow channel. This model is based mainly on the fact that the susceptibility of substrate proteins to unfolding by these nanomachines (in vivo) correlates more closely with the mechanical stability obtained by mechanical unfolding (using SMFS) than with thermodynamic or kinetic stability (measured in vitro by bulk chemical or heat denaturation). In the case of compartmental proteases, the AAAϩ ATPase motor involved in the pulling process seems to unfold the structure adjacent to the degradation tag by trapping local unfolding fluctuations. Global unfolding then occurs immediately, driven by the cooperativity of the protein unfolding process (57) (58) (59) (60) . Similarly, protein import by the mitochondrial translocase depends on the N-terminal targeting sequence and the local structure of the adjacent protein, more akin to the vectorial nature of AFM pulling experiments than to solution or heat denaturation experiments (61); indeed, mechanical hypomorphic mutations also accelerate mitochondrial import (62) .
Mechanical Folding/Unfolding: New Insights into Protein Folding
One of the attractive aspects of our new capacity to unfold/ refold proteins by force is that it can give new insights into the protein folding problem. Force-clamp SMFS has been used to directly examine the mechanical folding pathways of I27, ubiquitin, and projectin molecules (16, (63) (64) (65) . In these experiments, the protein was first unfolded and extended at a high force and then relaxed at lower forces so that refolding could be monitored by measuring the changes in the end-to-end length of the protein. Under these conditions, the folding collapse was marked by large fluctuations in the end-to-end length of the protein, which have been interpreted as the folding of the chain through many continuous steps. By controlling the end-to-end length of a single protein with subnanometer resolution, these studies are providing a unique perspective on how to analyze protein folding trajectories.
Additional technical improvements have been required to observe the mechanical refolding of other proteins. Thus, refolding of filamin was observed using mechanical doublejump experiments (20, 40) , and optical tweezers (which use lower spring constants and hence correspondingly lower loading rates) have been used to study the mechanical unfolding/ folding of RNase H, identifying a folding intermediate and defining the energy landscape of the process (30) .
Concluding Remarks and Perspectives
In just one decade after the feat of pulling the first protein by SMFS, a new discipline has emerged that has provided a wealth of information on the molecular elasticity of proteins, a fundamental property in many biological processes. This new methodology is unveiling the mechanical properties of many proteins and is giving new insights into the protein folding problem.
Still just a few protein folds have been analyzed to date, and many improvements are still necessary such as more specific immobilization methods for soluble proteins to improve the efficiency and sample control of these experiments. These immobilization methods should ideally be compatible with the quasi-simultaneous imaging of proteins in the same sample (66) . We also need single-molecule reporters to conduct more reliable studies on intermolecular interactions between proteins. Moreover, there is a need for a sensor that could report forces inside the living cell, although important advances in this way have been reported recently (67) (68) (69) .
Single-molecule mechanical techniques are providing fundamental information on the structure and function of proteins and are becoming an indispensable tool to understand how proteins fold and work in real time. With the newfound capacity to manipulate and look at the "secret life" of single molecules, we should be prepared for many surprises from protein mechanochemistry. We are entering a new and exciting age of biology, which, in combination with the knowledge generated in this proteomic era, is likely to move us closer to understanding the inner workings of proteins.
